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Generation of germ cells from pluripotent stem cells in 
mammals












































essential	 for	 the	 formation	 of	 healthy	 gametes.	 Understanding	 the	
mechanisms	 of	 the	 germ	 cell	 lineage	 development	 is	 crucial	 in	 re-
productive	medicine	 for	 the	 development	 of	 therapies	 and	 to	 treat	
fertility	problems	in	humans.	It	is	also	critical	in	understanding	animal	
reproduction	 in	 order	 to	 sustain	 healthy	 and	 high-	quality	 livestock.	






or	eggs	 in	vitro.	The	recent	progress	made	 in	studying	PGCs	 in	vivo	
in	human	 is	noted,	as	well	as	 in	establishing	 in	vitro	human	models.	
Finally,	reports	about	PGC	development	in	domestic	species,	such	as	
pig	and	bovine,	are	discussed.
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2  | PRIMORDIAL GERM CELL 
DEVELOPMENT IN VIVO IN THE MOUSE





scribed	 in	 Figure	1.	After	 fertilization,	 the	mouse	 zygotes	 undergo	
a	 series	 of	 cell	 divisions	 that	 lead	 to	 the	 formation	 of	 blastocysts	




the	mouse	blastocyst	 implants	 to	 the	uterine	wall.	After	 implanta-
tion,	at	E5.5,	 the	mouse	embryo	 is	 rapidly	developed	and	consists	
of	extraembryonic	ectoderm	(ExE)	that	is	derived	from	the	trophec-












ating	PGCs	migrate	 towards	 the	genital	 ridges	 through	developing	
hindgut	 endoderm.	During	 early	migration,	 from	E8.0	 to	E9.5,	 the	
PGCs	 undergo	 extensive	 epigenetic	 reprogramming,	 including	 the	
remodeling	of	histone	modification	(for	example,	a	decrease	in	his-




epigenetic	 reprogramming	 occurs,	 including	 genome-	wide	 DNA	
demethylation	of	 the	repetitive	sequences	and	differentially	meth-
ylated	regions	of	 the	 imprinted	genes.9	At	 this	stage,	 the	PGCs	do	
not	exhibit	sex-	specific	imprints	between	the	male	and	the	female.	




mitotic	 arrest	 in	 G0/G1	 and	 establish	 new	 male-	specific	 imprints	
during	gonocyte	development.9
Both	 BMP4	 and	 WNT3	 signaling	 induce	 PGCs	 in	 the	 mouse.	
One	of	the	WNT3	downstream	targets	is	the	T	gene,	known	also	as	
BRACHYURY,	which	promotes	the	expression	of	somatic	(eg	Hoxa1,	
Hoxb1,	Snai1)	and	germ	cell	 (BLIMP1	and	PRDM14)	genes.10,11 The 
BMP4	suppresses	the	somatic	gene	expression	and	prompts	the	up-
regulation	 of	 the	 germ	 cell	 genes.	The	T	 induces	 the	 expression	 of	
BLIMP1	 and	PRDM14	 in	 approximately	 six	 cells	 of	 the	most	 proxi-
mal	epiblast	at	E6.25.10,12	After	the	induction	of	these	genes,	BLIMP1	
also	 promotes	TFAP2C	 expression.13,14	The	BLIMP1,	 PRDM14,	 and	
TFAP2C	 have	 a	 crucial	 role	 in	 PGC	 induction.	The	 BLIMP1	 inhibits	
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embryonic	stem	cells	(ESCs)	and	induced	pluripotent	stem	cells	(iPSCs)	
from	differentiation	into	PGCs.
3  | INDUCTION OF PRIMORDIAL GERM 
CELL- LIKE CELLS IN VITRO IN THE MOUSE
There	 are	 two	 forms	 of	 pluripotency:	 the	 naïve	 form	 that	 is	 repre-
sented	 in	 vitro	 by	 ESCs	 that	 are	 derived	 from	 the	 inner	 cell	 mass	









meras	 is	 limited,	and	both	primed	transcription	 factors	 (Otx2,	Oct6,	












A	 two-	step	 approach	 has	 been	 developed	 to	 induce	 PGCLCs	
from	 ESCs	 (Figure	2).24	 In	 the	 first	 step,	 the	 ESCs	 are	 cultured	 in	
the	 presence	 of	 basic	 fibroblast	 growth	 factor	 (bFGF)	 and	 activin	
A	for	48	hours,	thus	converting	them	into	EpiSC-	like	cells	(EpiLCs).	
Both	 bFGF	 and	 activin	A	 are	 used	 for	 the	maintenance	 of	 EpiSCs	
in	 vitro.	 In	 the	 second	 step,	 between	 800	 and	 2000	 EpiLCs	 are	
cultured	 in	 the	 presence	 of	 leukemia	 inhibitory	 factor	 (LIF),	 stem	
cell	 factor	 (SCF),	 epidermal	 growth	 factor	 (EGF),	 and	 BMP4	 for	
4-	6	days.	 In	 these	 conditions,	 the	 EpiLCs	 form	 aggregates	 within	
which	a	 robust	 induction	of	PGCLCs	has	been	observed.	The	effi-







expression	 of	 Blimp1,	 Tfap2c,	 and	 Prdm14	 in	 the	 EpiLCs	 generated	
the	 PGCLCs	 efficiently	 when	 only	 Prdm14	 was	 overexpressed.16,24 
Moreover,	it	was	shown	that	there	was	an	overexpression	of	NANOG 
alone	 in	 the	 EpiLC-	induced	 PGCLCs,	 even	without	 the	 presence	 of	
BMP4.25
4  | DIFFERENTIATION OF THE 
PRIMORDIAL GERM CELL- LIKE CELLS INTO 
SPERM AND EGGS IN VITRO
The	 PGCLCs	 exhibit	 transcriptome	 (expression	 of	 pluripotency	 and	
germ-	cell	 specific	 genes)	 and	 epigenetic	 properties	 (chromatin	 and	




For	 the	 in	vitro	 reconstruction	of	 the	male	pathway,	 several	 ap-
proaches	have	been	applied.	In	one	approach,	only	the	BLIMP1-	and	
STELLA-	positive	PGCLCs	were	transplanted	into	the	neonatal	testes	
that	 lacked	 endogenous	 germ	 cells.	 The	 transplanted	 PGCLCs	 un-
derwent	 normal	 spermatogenesis	 and	 formed	 sperm,24 which when 
injected	into	wild-	type	oocytes	developed	into	blastocysts.	The	trans-
planted	 blastocysts	 gave	 rise	 to	 viable	 offspring	 that	 had	 a	 normal	
sex-	specific	 methylation	 status	 in	 the	 analyzed	 imprinted	 genes.	 In	
contrast,	 the	unsorted	PGCLCs	 for	BLIMP1	and	STELLA	expression	
gave	rise	to	only	tumors	after	their	injection	into	neonatal	testes.
In	 the	 second	 approach,	 the	 PGCLCs	 were	 differentiated	 into	
spermatogonia-	like	cells.26	Day	4	PGCLCs	were	mixed	together	with	
gonadal	 somatic	 cells,	 isolated	 from	 E12.5	 embryonic	 gonads,	 to	
form	 aggregates.	 Then,	 the	 aggregates	 were	 cultured	 under	 float-
ing	 conditions	 for	 2	days,	 followed	 by	 placing	 them	 on	 permeable	
membranes	for	a	gas–liquid	culture.	After	21	days,	the	cells	that	ex-
pressed	either	GATA4	and	SOX9	(Sertoli	cells	marker)	or	DDX4	(go-






In	 another	 report,	 PGCLCs	 that	were	 co-	cultured	with	 neonatal	
testicular	somatic	cells	 in	the	presence	of	appropriate	factors	differ-
entiated	 into	 spermatid-	like	 cells.27	 The	 Blimp1-	 and	 Stella-	positive	




sex	 hormones	 (bovine	 pituitary	 extract,	 testosterone,	 and	 follicle-	
stimulating	 hormone	 [FSH])	 in	 order	 to	 progress	 the	 Stra8-	positive	















Recently,	 an	 improvement	 of	 the	 previous	 approach	 has	 been	
reported.11,29	The	reconstructed	ovaries	were	cultured	in	the	pres-
ence	of	an	estrogen	inhibitor	in	order	to	prevent	multi-	oocyte	for-
mations	 in	 one	 follicle.13	After	 21	days	 of	 culture,	 granulosa	 cells	
were	detected	around	the	primary	oocytes	that	had	developed	from	
the	PGCLCs.	This	was	followed	by	mechanical	separation	of	the	sec-
ondary	 follicle-	like	 structures	 in	 the	presence	of	FSH	 for	11	days,	





type	 sperm,	 they	 produced	 zygotes	 that	 developed	 into	 healthy	
offspring.	The	 epigenetic	 status	 of	 the	 induced	 oocytes	 from	 the	
PGCLCs	 showed	 normal	 methylation	 in	 the	 examined	 imprinting	
genes.	 However,	 the	 induced	 oocytes,	 in	 contrast	 to	 the	 control,	
exhibited	a	low	rate	of	fertilization	and	chromosomal	abnormalities.
These	recent	advances	in	the	development	of	an	in	vitro	model	of	




5  | INDUCTION OF HUMAN PRIMORDIAL 

















ies	 have	 revealed	 that	 the	 hPGCs	 express	AP,32	 OCT4/POU5F1,33-
36	 NANOG,35,36	 BLIMP1/PRMT5,37	 c-	KIT,34	 DDX4/VASA,38,39 
DAZL,35,39	and	LIN28.40	However,	 the	studies	also	showed	that	 the	
hPGCs,	in	contrast	to	mPGCs,	do	not	express	SOX2,	the	core	plurip-

















Recent	 efforts	 in	 generating	 hPGCs	 in	 vitro	 have	 been	 reported	





















TFAP2C-	positive	 hPGCLCs.	 The	 in	 vitro-	generated	 hPGCLCs,	 using	
the	two	protocols	described	above,	are	transcriptionally	similar49 and 
they	do	not	express	DDX4	and	DAZL,	markers	of	late	PGCs	in	vivo.
It	 is	 important	 to	highlight	 that	 the	comparison	between	mouse	
and	 human	 PGCLCs	 showed	 that	 PGC	 specification	 in	 the	 mouse	
and	 human	 differ.	 In	 the	mouse,	 BLIMP1	 is	 the	master	 gene	 to	 in-










6  | INDUCTION OF PRIMORDIAL 







E18,	they	start	to	colonize	the	genital	 ridges.56	Recently,	 the	 induc-
tion	of	porcine	PGCLCs	(pPGCLCs)	from	porcine	iPSCs	was	reported	








gesting	 that	 they	 initiate	 the	 imprint	 erasure.	 Histone	modification	
dynamics	at	H3K9me2	and	H3K27me3	 in	 the	pPGCLCs	agree	with	
the	histone	modifications	that	are	observed	in	the	pPGCs	that	have	
been	 isolated	 from	E15	old	 embryos.	 Spermatogonial	 stem	 cell-	like	
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cells	are	induced	from	the	pPGCLCs	by	the	presence	of	RA,	glial	cell	
line-	derived	 neurotrophic	 factor,	 and	 testosterone.	 Both	DAZL	 and	
STRA8	have	been	detected.
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